Androgens may regulate the male skeleton directly through a stimulation of androgen receptors or indirectly through aromatization of androgens into estrogen and, thereafter, through stimulation of estrogen receptors (ERs). The relative importance of ER subtypes in the regulation of the male skeleton was studied in ER␣-knockout (ERKO), ER␤-knockout (BERKO), and double ER␣͞␤-knockout (DERKO) mice. ERKO and DERKO, but not BERKO, demonstrated decreased longitudinal as well as radial skeletal growth associated with decreased serum levels of insulin-like growth factor I. Therefore, ER␣, but not ER␤, mediates important effects of estrogen in the skeleton of male mice during growth and maturation.
S
everal studies demonstrate that androgens are important in the male skeleton. Orchidectomy decreases longitudinal growth and radial cortical growth in the long bones of rodents (1) (2) (3) . Furthermore, androgen treatment stimulates growth in orchidectomized growing rats and mice (1, 3, 4) , as well as in growing boys (5) . These effects may either be direct through the stimulation of androgen receptors or indirect through aromatization of androgens into estrogen and, thereafter, through stimulation of estrogen receptors (ERs). Recently, it was demonstrated by Vanderschueren et al. (6) that the conversion of androgens into estrogen is required for normal body growth in male rats, indicating that indirect effects of androgens, mediated by estrogen, are important.
In addition to the growth-related effects of gonadal deficiency, orchidectomy also decreases bone mass in adult rodents (2, (6) (7) (8) . This effect at least partly depends on the androgen receptor, because treatment with nonaromatizable androgens restores bone mass (7, 9) . On the other hand, several clinical studies have demonstrated a strong relationship between serum estrogen levels and bone mineral density (BMD) in males (10, 11) . Furthermore, aromatase deficiency in humans (12) , as well as aromatase inhibition in rats (6, 13) , is associated with osteopenia, suggesting that androgens also may regulate adult bone metabolism, either directly by stimulation of androgen receptors or indirectly by aromatization and subsequent stimulation of ERs.
Estrogen acts through the binding to, and activation of, two ERs. These receptors are commonly referred to as ER␣ and ER␤, and their expression has been described previously in skeletal cells (14) (15) (16) (17) (18) (19) (20) . In humans, evidence for the importance of ER␣ for mediating effects of estrogen in the skeleton comes from a case report describing a young male with estrogen resistance caused by a mutation in the human ER␣ gene (21) . This male was reported to suffer from osteoporosis at the age of 28 years. Mice lacking a functional ER␣ gene, ER␣-knockout mice (ERKO), have been generated (22) , and more recently ER␤-knockout mice (BERKO) also have been described (23) . At present, the skeletal phenotype of male ERKO mice is unclear.** , † †, ‡ ‡ Furthermore, we recently demonstrated that male BERKO mice do not exhibit osteopenia (27) . This finding has raised the question concerning the relative importance of ER subtypes in the skeleton of male mice. To investigate the ER specificity in the regulation of growth and adult bone metabolism in male mice, we have generated double ERknockout mice (DERKO). In the present study, we have compared the skeletal phenotypes of male wild-type (WT), ERKO, BERKO, and DERKO mice.
Methods

Animals. Male double heterozygous (ER␣
) mice were mated with female double heterozygous (ER␣ ϩ/Ϫ ␤ ϩ/Ϫ ) mice, resulting in WT, ERKO, BERKO, and DERKO offspring. All mice were of mixed C57BL͞6J͞129 backgrounds. Genotyping of tail DNA was performed at 3 weeks of age. The ER␣ gene was analyzed with the following primer pairs. Primers AACTCGCCGGCTGC-CACTTACCAT and CATCAGCGGGCTAGGCGACACG for the WT gene correspond to flanking regions in the targeted exon 2. They produce a fragment of Ϸ320 bp. Primers TGTGGCCG-GCTGGGTGTG and GGCGCTGGGCTCGTTCTC for the knockout gene correspond to part of the NEO-cassette and the flanking exon 2. They produce a 700-bp fragment. Genotyping of the ER␤ gene has been described previously (27) . Animals were maintained in polycarbonate plastic cages (Scanbur, Køge, Denmark) containing wood chips. Animals had free access to fresh water and food pellets (B & K Universal, Sollentuna, Sweden) consisting of cereal products (76.9% barley, wheat feed, and wheat and maize germ), vegetable proteins (14.0% hipro soya), and vegetable oil (0.8% soya oil). positioned in the metaphysis at a distance from the distal growth plate corresponding to 4% of the total length of the femur (an area containing cortical as well as trabecular bone). The trabecular bone region was defined by setting an inner threshold to 45% of the total area. Although the cancellous bone density measurement at the metaphysis is not as precise as total bone density measurement at the mid-diaphysis, we have been successful in demonstrating significant changes in trabecular volumetric bone density at this site in rats and mice in response to estrogen deficiency. The interassay coefficients of variation for the pQCT measurements were Ͻ2%.
It should be emphasized that the DXA technique gives the areal BMD, whereas the pQCT gives the true volumetric BMD. Therefore, a factor regulating the outer dimensions of a bone will affect the areal BMD (DXA) but not the volumetric BMD (pQCT).
Histological Examination and Histomorphometry. Growth plate measurements. Right and left tibiae were fixed in 4% formaldehyde, embedded in paraffin, and sectioned at a thickness of 4 m. The width of the growth plate was measured, after staining with alcian blue͞Van Gieson, by using an image-processing system (Easy Image; Bergströms Instrument, Stockholm) coupled to a microscope. The average of 20 growth-plate measurements (2 sections, 10 measurements per section) was calculated for each tibia.
Bone histomorphometry. The areas of trabecular bone within a reference area of the proximal tibia were measured in sections stained with hematoxylin͞eosin. Measurements were performed on printed copies by point counting using a square lattice (1 and 2 cm). Three fields of vision on three sections from each animal were used for the analysis. Data are presented as the ratio of trabecular bone volume to total volume.
Mechanical Testing. The samples were applied to mechanical testing after pQCT measurements using Mechanical Tester 8841 (Instron, Canton, MA). Three-point bending strength was measured at mid-diaphysis. The bone was placed horizontally with the anterior surface upwards, centered on the supports, and the pressing force was directed vertically to the midshaft of the bone. Each bone was compressed with a constant speed of 2 mm͞min until failure. Breaking force (maximal load) was defined as bending load at failure. Stress and elastic or Young's modulus E were calculated as previously described (28) . Maximal stress was defined at breaking force.
RIA. Serum insulin-like growth factor I (IGF-I) levels were measured by double-antibody IGF binding protein-blocked RIA (29) . Serum osteocalcin levels were measured by RIA using rabbit anti-mouse osteocalcin antiserum and purified mouse osteocalcin as standard and tracer (30) . The sensitivity of the mouse osteocalcin assay was 0.5 ng͞ml, and intra-and interassay variations were Ͻ8%.
Statistical Procedure. Dynamic measurements first were analyzed by a two-way analysis of variance (ANOVA), followed by StudentNewman-Keuls multiple range test. Static measurements (at the time of sacrifice) first were analyzed by one-way ANOVA, followed by Student-Newman-Keuls multiple range test.
Results
Body Growth. Body weight was unchanged in ERKO, BERKO, and DERKO at the prepubertal stage as compared with WT littermates (Fig. 1, day 17 , one-way ANOVA). Late pubertal and young adult weight was decreased in ERKO and DERKO, but not in BERKO, as compared with WT mice (Fig. 1 , days 46-81, two-way ANOVA).
Growth of the appendicular as well as the axial skeleton was followed by using repeated x-ray measurements. The length of the femur was chosen as a measure of appendicular growth, whereas crown-rump length was used as a measure of axial growth. The length of the femur was unchanged at the early pubertal stage ( Table 1 ). Furthermore, in ERKO and DERKO, no effect was seen on BMC and areal BMD at the early pubertal stage (day 31, one-way ANOVA). However, later on ERKO and DERKO presented a marked decrease in total body BMC (Fig. 3A) . In addition, regional measurements of BMC in the femur and spine also showed a significant decrease (day 118; total body: ERKO Ϫ21%, DERKO Ϫ22%; femur: ERKO Ϫ23%, DERKO Ϫ20%; spine: ERKO Fig. 1 . Body weight in wild type (WT), ERKO, BERKO, and DERKO mice at different ages. (n ϭ 6 for WT; n ϭ 9 for ERKO; n ϭ 11 for BERKO; and n ϭ 5 for DERKO). Values are given as means. The body weights in WT and ERKO mice at different ages first were analyzed by a two-way ANOVA, followed by StudentNewman-Keuls multiple range test. P values versus WT mice are indicated.
Fig. 2.
Length of femur (A) and crown-rump (B) and width of the proximal tibial growth plate (C) at 118 days of age in WT, ERKO, BERKO, and DERKO mice (n ϭ 6 for WT; n ϭ 9 for ERKO; n ϭ 6 for BERKO; and n ϭ 5 for DERKO). Values are given as means Ϯ SEM. Data at different ages first were analyzed by a two-way ANOVA (A and B) or by a one-way ANOVA (C), followed by Student-NewmanKeuls multiple range test. P values versus WT mice are indicated in A and B. ‫,ءء‬ P Ͻ 0.01 versus WT (C).
Ϫ23%, DERKO Ϫ19%, versus WT; Figs. 3A and 4A). Only a small effect was seen in the cranium (ERKO Ϫ7% versus WT; Fig. 3A) . Total body areal BMD was decreased slightly in ERKO at the adult stage. Both ERKO and DERKO displayed a decreased adult areal BMD in the femur (Table 1) .
To determine whether the decrease in BMC in ERKO and DERKO males was greater than that associated with retarded body growth, BMC͞body weight was calculated for the whole skeleton and for individual bones. Interestingly, in adult mice, total body BMC͞body weight was decreased in ERKO (Ϫ18%) and DERKO (Ϫ22%) as compared with WT. This finding was also the case for femur (ERKO Ϫ20; DERKO Ϫ19%) and spine (ERKO Ϫ21%; DERKO Ϫ18%; Fig. 3B ). Similar results were seen when the BMC was divided by the length of the individual bones (Fig. 3C) .
Cancellous Bone Density. The pQCT technique was used to measure trabecular volumetric BMD in the metaphysis of the distal femur and in the proximal tibia. In addition, histomorphometry was performed in the metaphysis of the proximal tibia, where trabecular bone volume͞total volume was measured. Neither the pQCT technique (Table 2 and data not shown) nor bone histomorphometry (trabecular bone volume͞total volume: WT, 0.32 Ϯ 0.05; ERKO, 0.32 Ϯ 0.02; BERKO, 0.33 Ϯ 0.02; DERKO, 0.34 Ϯ 0.02; one-way ANOVA) detected any significant changes in cancellous bone density.
Cortical Bone Parameters. Cortical bone parameters were studied in detail in mid-diaphyseal pQCT scans of femora and tibiae (Table  2 ; Fig. 4B ; and data not shown). The cortical BMC in the middiaphyseal section of femur was decreased in ERKO (Ϫ14%) and DERKO (Ϫ14%) mice as compared with WT, and this decrease was mainly caused by a decreased cross-sectional bone area, whereas cortical volumetric density was unchanged ( Table 2 ). The decrease in cross-sectional area in ERKO and DERKO was associated with decreased periosteal and endosteal circumference ( Fig. 4B and Table 2 ).
Mechanical Testing of the Femur Diaphysis. The size and position of the cortical cross-sectional bone area in ERKO and DERKO resulted in a pronounced decrease of cortical cross-sectional mo- Fig. 3 . DXA measurements of bone parameters in WT, ERKO, BERKO, and DERKO mice (n ϭ 6 for WT; n ϭ 9 for ERKO; n ϭ 6 for BERKO; and n ϭ 5 for DERKO). The BMC (A), BMC͞body weight (B), and BMC͞length (C) of the whole skeleton (total), femur, spine, and cranium were measured by using DXA technique as described in Methods. Values are given as means Ϯ SEM. Data at different ages first were analyzed by a two-way ANOVA, followed by StudentNewman-Keuls multiple range test. P values versus WT mice are indicated. ment of inertia (ERKO, Ϫ29%, and DERKO, Ϫ24% versus WT; Table 3 ). Changes in area moment of inertia often are directly correlated to changes in the mechanical strength of the bone. Therefore, mechanical strength was tested by three-point-bending at the mid-diaphyseal region of the femur. ERKO demonstrated a significantly decreased maximal load, whereas a tendency to decrease was seen in DERKO (ERKO Ϫ18%; DERKO Ϫ15%) as compared with WT (Table 3) . Other bone parameters, including maximal stress and elastic modulus, reflecting the quality of the bone, were not significantly different in the four groups (Table 3) .
Biochemical Bone Markers and IGF-I in Serum. Osteocalcin, a marker of bone formation, was measured in serum at 110 days of age. Osteocalcin was decreased by 25% (P Ͻ 0.05) and 9%, respectively, in ERKO and DERKO mice (Table 4) .
Overall size and cortical radial growth are parameters that are highly sensitive to changes in the growth hormone (GH)͞IGF-I axis. Because these parameters were altered in ERKO and DERKO males, serum IGF-I levels were measured to investigate whether the GH͞IGF-I axis was affected in the ERKO and DERKO mice. Serum IGF-I levels were significantly decreased in ERKO and DERKO (Table 4) . Furthermore, serum IGF-I levels were statistically correlated with length, BMC, BMC͞weight, cortical cross-sectional area, periosteal circumference, moment of inertia, and ultimate load of femur (Table 5 ).
Organ Weights. The weights of several other organs were measured to see whether the effect on the skeleton in ERKO and DERKO was tissue-specific. To compare the relative growth of different organs, the individual organ weights were divided by the total body weight. The weights of the liver, kidney, and brain were not significantly changed in any group. However, the weights of heart and lung were decreased in ERKO mice as compared with WT (heart, Ϫ15%; lung, Ϫ17%; Fig. 5) . A tendency to increase in testis weight was seen in ERKO and DERKO. Previous studies have shown that testicular weight is increased in male ERKO until Ϸ80 days of life, after which testes atrophy and decrease in weight (31) .
Discussion
The effect of androgens on the male skeleton may be either direct through a stimulation of androgen receptors or indirect through aromatization of androgens into estrogen and, thereafter, through stimulation of ERs. Possible direct effects of androgens are illustrated by skeletal abnormalities in androgen-resistant humans and rodents (32, 33) . However, several studies have clearly demonstrated that the effect of androgens on the male skeleton, at least partly, depends on the conversion of androgens into estrogen. In the present study, we demonstrate that estrogen resistance in the male mouse, because of loss of all known ERs, results in decreased skeletal growth. ERKO and DERKO but not BERKO mice display similar growth phenotypes, demonstrating that ER␣, but not ER␤, is the ER mediating the effects of estrogen on skeletal growth in the male mouse. The shortening of the long bones in ERKO and DERKO mice was associated with decreased growth plate width in the proximal tibia. Similar findings have also been reported in orchidectomized mice and rats (2, 34). Furthermore, Ornoy et al. (3) showed that orchidectomy in mice decreases growth plate area measured in the proximal tibia and that low-dose estrogen treatment increases the same parameter. These findings demonstrate that physiological levels of estrogen have a stimulatory effect on longitudinal growth in male rodents. Similarly, estrogens are required for the pubertal growth spurt in boys (35) . Estrogen regulates final height in humans by a stimulatory effect on the pubertal growth spurt, followed by closure of the epiphyseal growth plates at the end of puberty.
It is a well established fact that orchidectomized rodents, as well as hypogonadal humans, develop osteopenia (36) (37) (38) . Although androgen replacement restores bone mass in gonadectomized male rats (9) , it has also been demonstrated that estrogen, at least partly, reverses bone loss caused by orchidectomy (3, 7) . The present study, with estrogen insensitivity caused by inactivation of both ER␣ and ER␤, supports the notion that estrogen exerts important effects on the male skeleton. The phenotype of the male DERKO mouse is similar to what has been described earlier for aromatase-inhibited male rats (6) . Both male DERKO mice and aromatase-inhibited male rats demonstrate decreased femoral BMC and areal BMD, as well as decreased cortical dimensions and moment of inertia, Values are presented as mean Ϯ SEM. Data first were analyzed by a one-way ANOVA, followed by Student-Newman-Keuls multiple range test. * , P Ͻ 0.05; ** , P Ͻ 0.01, both versus WT. Values are presented as mean Ϯ SEM. Data first were analyzed by a one-way ANOVA, followed by Student-Newman-Keuls multiple range test. * , P Ͻ 0.05; ** , P Ͻ 0.01, both versus WT.
without any effect on cortical volumetric BMD. These two studies demonstrate that the conversion of androgens into estrogen is important in male rodents and that skeletal maturation in such species is estrogen-dependent. ERKO and DERKO, but not BERKO, demonstrated, in the present study, a decreased longitudinal as well as radial skeletal growth, This finding clearly demonstrates that ER␣ alone, and not ER␤, is the mediator of estrogenic effects on growth and maturation of the skeleton in male mice. The changes, seen in the present study, are predominantly growthrelated and are not consistent with effects previously described for sex steroids in the adult skeleton. Therefore, we believe that inducible gene knockouts of the ERs are needed to fully clarify the role of ERs in the adult male skeleton. Such an animal model would make it possible to induce the deletion of ERs after normal postnatal and pubertal growth, thus permitting effects in adult animals to be investigated. Our present finding that young adult BERKO males have no skeletal phenotype is similar to what we previously have described (27) . However, in the previous study, an increase in the size of the skeleton was observed in female BERKO mice. Interestingly, a slight decrease in the relative weights of the heart and lung was also seen in ERKO but not in BERKO mice, indicating that ER␣ may exert specific effects in these two organs as well. In contrast, the relative weights of liver, kidney, and brain were unchanged in ERKO, BERKO, and DERKO males.
ERKO and DERKO mice demonstrated a decreased diaphyseal cross-sectional area and periosteal circumference of femur, resulting in a pronounced decrease of the area moment of inertia. When the quality of the bone is unchanged, the area moment of inertia is normally proportional to the mechanical strength of the bone determined by three-point-bending (39) . The maximal load was decreased in male ERKO mice but it was not decreased more than suggested by the changes in area moment of inertia. Because the size of the bone is a major determinant of its strength, further studies using bones of similar size from control mice are needed to evaluate whether other parameters such as bone quality contribute to decreased bone strength in the ERKO and DERKO mice.
Aromatase inhibition of male rats resulted in a small decrease in trabecular BMD (6) . In the present study, neither the pQCT technique nor bone histomorphometry detected any significant changes in cancellous bone density in male ERKO, BERKO, or DERKO mice. Thus, our experiments indicate that neither ER␣ nor ER␤ is essential for the maintenance of cancellous bone mass in the male mouse. This finding raises the question of whether other ER subtypes exist (40, 41) or whether other hormones may compensate for estrogen resistance in the skeleton of male DERKO mice. Androgens prevent cancellous osteopenia in orchidectomized rats. Therefore, androgens could, in theory, compensate for loss of ER activity in ERKO, BERKO, and DERKO males. Interestingly, ERKO males have somewhat increased serum levels of testosterone (42) .
Bone loss after gonadal deficiency normally is associated with increased bone turnover. Surprisingly, osteocalcin, a marker for bone formation, was decreased in ERKO males. This finding and the decreased longitudinal as well as radial skeletal growth seen in ERKO and DERKO males led us to seek other explanations to the skeletal phenotype in these mice. Overall size and cortical radial growth are parameters that are highly sensitive to changes in the GH͞IGF-I axis (43) . Because these parameters were altered in ERKO and DERKO males, serum IGF-I was measured to investigate whether the GH͞IGF-I axis was affected in ERKO and DERKO males. Serum IGF-I levels were decreased in ERKO and DERKO mice. We also found a strong correlation between serum IGF-I levels and affected skeletal parameters in the ERKO and DERKO mice, including length, BMC of femur, periosteal circumference, and maximal load in the femur diaphysis. These findings do not prove but do suggest that changes in the GH͞IGF-I axis could partly explain the skeletal phenotype seen in male ERKO and DERKO mice. GH and IGF-I are known to increase serum osteocalcin (43) . Therefore, the decreased serum osteocalcin levels in male ERKO mice may be caused by reduced serum IGF-I levels. This result also is supported by the finding that aromatase-inhibited male rats have decreased serum IGF-I levels and reduced levels of serum osteocalcin (6) . An effect of estrogen on the GH͞IGF-I axis in males also is supported by several clinical as well as experimental studies. Circulating GH and IGF-I concentrations increase during normal male puberty (44) (45) (46) (47) . These changes seem to be secondary to the pubertal rise in testosterone concentrations, because they are Values are presented as mean Ϯ SEM. Data first were analyzed by a one-way ANOVA, followed by Student-Newman-Keuls multiple range test. * , P Ͻ 0.05; ** , P Ͻ 0.01, both versus WT. Correlations of all animals included in the study were calculated using
Pearson's correlation coefficient (r). * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001.
also observed in prepubertal and hypogonadal boys undergoing induction of puberty with exogenous testosterone (44, 48) . The mechanism whereby testosterone interacts with the somatotropic axis may be either direct, mediated by androgen receptors, or indirect through the action of estrogen on ERs. The possibility that estrogen mediates the effects of testosterone on the somatotropic axis has been suggested in a previous study showing a significant correlation between circulating levels of estrogen, but not testosterone, and GH secretion in men (24) . Furthermore, it has also been demonstrated that testosterone plays an important role in the modulation of the somatotropic axis in adulthood, and this effect, at least partly, depends on the conversion of testosterone to estrogen (25) .
Our present results demonstrate that loss of ER␣ in mice is associated with a significant shortening of the long bones and decreased serum levels of osteocalcin. On the other hand, recent clinical case reports have shown that aromatase-deficient and estrogen-resistant humans display an increased adult stature and increased serum levels of osteocalcin (12, 21) . Therefore, it is obvious that species differences between mice and humans regarding the regulation of skeletal changes do exist. Some of these changes may be explained by the fact that the human growth plate normally is closed after puberty, whereas growth plate closure occurs at a later stage in life in mice.
It is well known that peak bone density differs among inbred strains of mice (26) . The mice used in this study were of mixed genetic background, as the strains C57BL͞6 and 129 were used for generation of ER-knockout animals. Although siblings from the same mixed genetic background were used as control, it is possible that differences in genetic background could have confounded the results. It is therefore necessary to confirm our results with ERknockout mice that have been bred successively in C57BL͞6 background for 10 or more generations or with ER-knockout mice generated by using different mixed genetic background.
The effects of androgens in the skeleton of the male mouse are summarized in Fig. 6 . Others have presented studies indicating that androgens, directly through interaction with the androgen receptor, exert effects on the male skeleton. In the present study, we have confirmed that part of the effect of androgens depends on aromatization. Furthermore, the present study clearly demonstrates that ER␣ but not ER␤ mediates the effect of estrogen on the skeleton in the male mouse. In conclusion, we have generated DERKO mice, which are fully viable, despite the fact that they are devoid of all known ERs. Male ERKO and DERKO mice have decreased body weight, reduced longitudinal bone growth, and a pronounced cortical osteopenia. Our findings demonstrate that ER␣ but not ER␤ mediates the effect of estrogen in the male skeleton. We propose that some of the skeletal effects seen in ER␣-inactivated male mice may be caused by an inhibition of the GH͞IGF-I axis. Effects of androgens in the male skeleton during growth and maturation. AR, androgen receptor.
